Transcription of a new catabolic operon in Bacillus subtilis, involved in the late stages of galacturonic acid utilization, has been studied. The operon consists of four genes: kdgR, encoding the putative regulator protein; kdgK, encoding 2-keto-3-deoxyg I uconate kinase ; kdgA, encoding 2-keto-3-deoxyg luconate-6-phosphate aldolase; and kdgr, encoding a transporter. These four genes are organized in one transcriptional unit and map at 198" of the B. subtik chromosome. Primer extension experiments and Northern blot analysis show that an active &-dependent promoter precedes kdgR and transcription is terminated at the putative pindependent terminator downstream of kdgr. The operon is negatively regulated by the kdgR and ccpA gene products, which belong t o the Lac1 family of transcription regulators. The expression of the genes in this operon can be induced by galacturonate and strongly repressed when glucose is present in the growth medium. Knockout mutations in genes kdgR and ccpA remove, respectively, the effects of galacturonate and glucose on the transcription of this operon.
INTRODUCTION
Bacillus subtilis is a Gram-positive sporulating bacterium that inhabits soil and rotting plant materials, from where it can use different organic compounds as carbon and energy source. The plant cell wall is constituted from different polymers, such as cellulose, consisting of glucose units, or pectin, composed of galacturonic acid residues, partially as methyl ester. The uronic acids are also an important part of several other polymers, for example, alginic acid in bacteria (Govan & Deretic, 1996) , and chondroitin sulphate and hyaluronic acid in animals (Lehninger et al., 1993) . Bacteria have evolved in different ways to use these polymers. One of the genetically well-studied pathways is pectin degradation in Erwinia chrysanthemi (Hugouvieux-Cotte-Pattat et al., 1996) . This bacterium produces several extracellular pectinases that degrade pectin into unsaturated and saturated oligogalacturonides and galacturonate. These compounds are transported into the cell and metabolized by two known pathways (Fig.  1) . Galacturonate is isomerized into tagaturonate by the product of the uxaC gene, and transformed into altronate by a specific oxidoreductase, the product of uxaB. Altronate dehydratase, the product of uxaA, produces 2-keto-3-deoxygluconate (KDG) . Unsaturated digalacturonate is metabolized into 5-keto-4-deoxyuronate (DKI) and galacturonate by a specific oligogalacturonate lyase, the product of the ogl gene. DKI is then isomerized into 2,5-diketo-3-deoxygluconate (DKII) by an isomerase encoded by kduZ, and reduced into KDG by the reductase encoded by kduD. KDG is therefore a common intermediate of both pathways. KDG is a key intermediate in the degradation of gluconate in the modified Entner-Doudoroff pathway (Szymona & Doudoroff, 1958) , and also in the degradation of galacturonate and glucuronate in Escherichia coli (Ashwell et al., 1960; Lin, 1996) . KDG is phosphorylated by the specific kinase KdgK into 2-keto-3-deoxygluconate 6-phosphate (KDGP) , followed by aldolase cleavage (Entner-Doudoroff aldolase), which produces pyruvate and ~-glyceraldehyde-3-phosphate, thus entering the central glycolytic pathway. (Nasser et al., 1993) . The corresponding protein was purified (Nasser et al., 1990) and its X-ray structure established (Pickersgill et al., 1994 In this paper we present data on the regulation of kdgoperon transcription by the KdgR and CcpA regulatory proteins. We show that kdg-operon transcription can be induced by galacturonate and repressed by glucose.
KdgR and CcpA are, respectively, the terminal molecular transmitters of these two regulatory signals.
METHODS
Bacterial strains and growth conditions. Escherichia coli cells harbouring plasmids were grown on Luria broth (LB) (Sambrook et al., 1989) supplemented with ampicillin (50-100 pg ml-'). B. subtilis strain 168 trpC was grown on LB or o n minimal medium containing: (NH,),SO, (2 g 1-'), K,HPO, (14 g 1-'), KH,PO, (6 g l-'), sodium citrate (1 g 1-') and 20 pM FeCl,. Carbon sources used were added at concentrations of 10-30mM. Polygalacturonate was added to a final concentration of 4 g 1-'.
Plasmid pDT1, which enables transcriptional fusions to be made with the B-galactosidase gene as a reporter, has been described elsewhere (Lapidus et al., 1997) . Plasmid pMUTIN2mcs, which contains the P-galactosidase gene with the ribosome-binding site of spoVG of B. subtilis and the IPTGinducible P,,,, promoter, was kindly provided by Dr V.
Vagner (Gknktique Microbienne, INRA, Jouy-en-Josas) . This plasmid enables the creation of chromosomal integrations in B. subtilis, thereby placing the B-galactosidase gene under the control of the studied B. subtilis promoter, separating it from the downstream genes, which are under P,,,, regulation in the same strain. The list of constructed strains is presented in Table 1 .
To construct pDTKDGRI and pDTKDGKI the fragments starting from sequences 5' dTGAATGTGCAGG . . . 3 ' and 5' GGAGCAGAAAGC . . .3', respectively, and ending in sequences 5' ... ATGCTCTTAAAG 3' and 5' ... TAGAAGG-CTGCC 3', respectively, were cut from M13mp19 phages carrying these fragments. These phages were constructed in the course of the sequencing of this region (Sorokin et af., 1996) . Primers KRHl (5' dGCCAAGCTTAGCTGAATGT-GCAGGAG 3') and KRB2 (5' dCGGGATCCCGGAGTA-CATCCTTGTT 3') were used to amplify the corresponding fragment from the B. subtilis chromosome. The PCR fragment was then digested by BamHI and HindIII and cloned in pMUTIN2mcs to construct pM2KDGRI. In a similar way, the primers KRH2 (5' dGCCAAGCTTAACAAGGAGCAGCT-TAAG 3') and KRBl (5' dCGGGATCCAACCTCCTCTT-AGTTGA 3') were used to construct pM2KDGRF, and the primers KTHl (5' dGCCAAGCTTGAGACTTATTCAGC-AAG 3') and KTBl (5' dCGGATCCTCAGTTGATCGTC-ATTT 3') to construct pM2KDGTF. The primers KDGAEl (5' dGGAATTCGTGCAGTTGAAGT 3') and KDGAHl(5' dAAAAGCTTTAATGTCGTAAAAC 3') were used for PCR amplification to construct pDTKDGAI. The PCR fragment was then digested by EcoRI and HindIII and inserted into the correspondingly cut pDTl.
Plasmids pDTKDGRI (pDT1 as vector) and pM2KDGRI (pMUTIN2mcs as vector) contain internal fragments of the kdgR gene. Their integration into the B. subtilis chromosome destroys this gene. The expression of the kdgKAT genes can presumably be regulated by IPTG in the BSPP2 strain, but we did not use this property of the pMUTIN2mcs-based constructs during this work. pM2KDGRF (pMUTIN2mcs as vector) contains the 3' part of kdgR and the 5' part of kdgK. The strain BSPP3 therefore carries active kdgR and the expression of kdgKAT depends on IPTG. As mentioned above, all experiments described below were performed without IPTG. pDTKDGKI and pDTKDGAI (pDT1 as vector) contain internal parts of kdgK and kdgA, respectively, and therefore their integration into the chromosome inactivates these genes. pM2KDGTF contains the 3' terminal fragment of the kdg operon. Integration of this plasmid into the chromosome does not modify any gene of the operon and measuring of B-galactosidase activity in BSPP7 allows moni- (Deutscher et al., 1994) , containing the SpR marker inactivating the ccpA gene, and selecting for spectinomycin resistance. All plasmid constructions were tested by sequencing and all B. subtilis chromosomal integrations were verified by Southern hybridization.
Chloramphenicol was used at 5 pg ml-l for growth of strains BSPP1,4 and 5, erythromycin at 1 pg ml-' for strains BSPP2,3 and 7, and spectinomycin at 100 pg ml-l for BSPP9 and 10.
DNA manipulations. Chromosomal and plasmid DNA preparations, standard cloning procedures and DNA sequencing were applied as previously described (Sorokin et al., 1995) .
RNA extraction. Cells from 50 ml culture were centrifuged and resuspended in 0-2 ml TEI buffer (10 mM Tris/HCl, p H 7.5; 1 mM EDTA; 10 mM sodium iodoacetate). The cells were then transferred to a 2 ml tube containing: 0.5 ml glass beads (diameter 100 pm) ; 0.4 ml phenol saturated with 0-1 M sodium citrate, pH 4.3; 0.8 ml 15 mM hexadecyltrimethylammonium bromide solution in 50 mM sodium acetate, pH 4 5 ; 1 mM DTT. The tube was shaken on a Biospec Homogenizer (Biospec Products) at the maximum speed setting for 1-2 min. After centrifugation, the supernatant was treated once with 200 pl of chloroform and subsequently with an equal volume of phenol/chloroform/isoamyl alcohol (ratio 125 :24: 1, by vol.; pH 4.7). RNA was precipitated by adding 0.1 vol. 3 M sodium acetate, pH 5, and an equal volume of 2-propanol. After 15 min on ice, precipitated RNA was collected by centrifugation in a microcentrifuge, washed with 95 '/o ethanol, air-dried and stored in TE (10 mM Tris/HCl, pH 7; 1 mM EDTA) or water at -80 OC.
Northern analysis. A 30 pg (3-6 pl) sample of the total RNA preparation was mixed with 100 mM sodium phosphate buffer (3 pl) pH 7.0, then 5-5 p140% glyoxal was added, followed by DMSO to adjust the volume to 30 pl. The samples were denatured at 55 "C for 1 h and mixed with 3 p1 gel loading buffer containing: 80% formamide, 2 mM EDTA p H 7.0, 0.1 O h xylene cyanol, and 0.1 O/ O bromophenol blue. Electrophoresis was performed in 1 % Sea Kem GTG agarose gel (Gibco) using 10 mM sodium phosphate buffer pH 7.0, with 10 mM sodium iodoacetate. Electrophoresis conditions were :
50-60 V, 50 mA, for 6 h. After electrophoresis, RNA was transferred to a NYTRAN 0.2 pm membrane (Schleicher & Schuell) by capillary transfer using 20 x SSC to create a salt concentration gradient. RNA was then fixed by UV crosslinking (Stratagene) for 10 s and baked for 20 min at 80 "C in an oven. Hybridization was performed in 50 '/o formamide, 2 x Denhardt's reagent, 0.1 '/o SDS, 100-200 pg denatured salmon sperm DNA ml-' and 5xSSC. Hybridization was performed overnight a t 42 "C with slow shaking. The membrane was then washed twice for 15 min each time in 10 x SSC, 1 % SDS at room temperature, and then twice for at least 15 min in 1 x SSC, 1 '/o SDS at 42 "C, and then again for 15 min in 0.1 x SSC, 1 '/o SDS at 42 "C with shaking. The membrane was then exposed to X-ray film or scanned with a PhosphoImager (Molecular Dynamics). Primer extension experiments were done as described by Soldo et al. (1993) .
PGalactosidase activity. B-Galactosidase activity was determined according to the method of Miller (1972) , and expressed in Miller units (MU). The cells were permeabilized for ONPG by adding a drop of toluene to a culture sample.
RESULTS

Detection of the transcript corresponding to the kdg operon
Northern analysis of total RNA with probes specific to the kdgRKAT region was performed to detect the corresponding transcript. RNA was prepared from the cells growing exponentially in minimal media containing polygalacturonate, galacturonate, glucuronate, ribose, glucose, gluconate, or succinate as a carbon source, at the middle of exponential growth. Since it was shown in Gram-negative bacteria that the direct intracellular effector of the regulator of the pectinutilization-system genes is KDG (Nasser et al., 1991) 
KdgR start primer R1 2a). The transcription was abundant in the medium containing galacturonate and was much lower in the presence of glucuronate and gluconate. No signal was detected when glucose, ribose, polygalacturonate or succinate was used. A similar result was obtained (not shown) when kdgR-or kdgK-specific probes were used. These results indicate that the genes kdgRKAT are cotranscribed, as suggested from the nucleotide sequence (Sorokin et al., 1996) . These results also indicate that galacturonate is a better source of the kdg-operon inducer in B. subtilis than glucuronate, although the last can also be used as a carbon source. The absence of operon induction by polygalacturonate and a weak induction by gluconate were surprising. At the moment we do not have an explanation for these results.
The 5' end of the transcript was determined by primer extension. Two oligonucleotides were used in these experiments (Fig. 2b) . The results show that the kdgRKAT mRNA starts from the sequence 5'-TGTAACG . . .3', 51 bp upstream of the start codon of gene kdgR. Two sequences can be indicated upstream of this start point as potential sites for recognition by oA. These are TATTCT, as the ' -10' box, and TTCCCA, as the ' -35' box (Fig. 2c) . Other elements important for B. subtilis promoters, including the dinucleotide T G (at -15, -14) and an A-rich region near -43 (Helmann, 1995) , are present in this region. We designate this promoter Pkd,.
kdgR encodes a negative regulator of transcription of the kdg operon
Reporter-gene expression and Northern-hybridization experiments for the cells with active and inactive kdgR were performed to verify the influence of gene kdgR, encoding a LacI-family regulator, on the transcription from the Pkdg promoter. For this purpose B. subtilis strains BSPPl to BSPP7 were constructed (Table 1, Fig.  3a ). Measurements of P-galactosidase activity in BSPPl and BSPP2, where kdgR is inactivated by inserted plasmids, on LB showed that it could exceed up to 1000 MU (not shown). By contrast, Pkdg was essentially inactive in these growth conditions in the strain carrying a fusion which leaves kdgR intact (strain, BSPP3, not shown). Contrary to the mutations produced by plasmids inserted in the chromosomes of strains BSPPl and BSPP2, fusions which knock out kdgK (strain BSPP4) or kdgA (strain BSPP5) but not kdgR, did not activate P,,,. Addition of galacturonate to a concentration 0.5 Yo was needed to see /I-galactosidase activity in BSPP4 and BSPPS grown on LB medium (not shown). This result was confirmed by Northern hybridization of RNA isolated from strains BSPPl and BSPP2 grown on LB medium (Fig. 3b ). An RNA band corresponding to the kdgR-lac2 fusion (3.7 kb) together with a presumed degradation product (0.7 kb) was detected, whereas no kdgR-specific transcription can be seen for the parent strain B. subtilis 168. We conclude from these experiments that inactivation of kdgR, but not of kdgK (strain BSPP4) or kdgA (strain BSPPS) causes high transcription of the kdg operon.
Expression of the kdg operon is induced during growth on galacturonate and repressed by glucose
We did not detect transcription of the kdg operon by Northern analysis when B. subtilis 168 was grown on LB (Fig. 3b, slot 3) . Presumably, some amount of the KdgR repressor is synthesized and this protein reduces the transcription of the operon to an undetectable level. We found also that glucose at concentrations higher than 1 % reduces the expression of P-galactosidase in strains BSPPl and BSPP2, containing knockout mutations in the kdgR repressor gene (not shown). To understand how the operon may be induced we used strain BSPP7, which carries the lac2 reporter inserted between the last gene of the operon kdgT and the p-independent terminator (Fig. 3a) . Strains BSPPS and BSPP10, carrying an inactivated ccpA gene, were constructed by transforming BSPP2 and BSPP7 with DNA of GM1096 to see if glucose repression is due to the catabolic CcpA repressor (Table 1) . The kinetics of P-galactosidase activity in these strains grown on minimal media, containing galacturonate (0.5%), galacturonate with glucose (0.5 and 2 % ) and glucose ( 2 % ) as carbon sources, are shown in Fig. 4 . It can be seen from Fig. 4 MU), which can be explained by higher affinity of the KdgR to the kdg-operon promoter region, compared to that of CcpA. In the case of BSPP7 grown on the medium containing galacturonate and glucose (Fig. 4a) , the low level of /I-galactosidase activity ( < 3 MU) can be explained by the absence of intracellular effector of KdgR. This effector must appear as a result of degradation of galacturonate by the enzymes encoded by the yjrn operon, which is probably strongly repressed by CcpA in these conditions (see Discussion).
The ccpA knockout mutation renders the expression of the kdg operon independent of the presence of glucose in the growth medium. It is also remarkable that in cells with inactivated ccpA, transcription of the kdg operon starts early in the exponential phase of growth (Fig. 4c) . Finally, to make transcription independent of the presence of galacturonate in the growth medium, it is necessary to inactivate kdgR by knockout mutation (Fig. 4c, d ).
DISCUSSION
The experiments described above provide the first information on the transcriptional regulation in B. subtilis of kdg genes, encoding proteins involved in KDG metabolism. We found that transcription of this operon can be induced by galacturonate and strongly repressed by glucose. Knockout mutations in two genes, kdgR and ccpA, encoding LacI-family regulatory proteins, release transcription of the operon from dependence on galacturonate and glucose, respectively. CcpA is also responsible for the repression of the kdg-operon transcription in the exponential phase of growth.
Putative functional counterparts of E. coli galacturonate catabolic enzymes were discovered in the course of the B. subtilis genome-sequencing project (Rivolta et al., 1998; Kunst et al., 1997 Hueck & Hillen, 1995) . The efficiency of repression by CcpA varies in these systems from 4-to 100-fold. In the case of the kdg operon the repression is about 10-fold. In all cases where it was studied, the efficiency of repression has been found to depend on correctly phosphorylated Hpr protein, suggesting that the signal for activation of CcpA is transferred by protein-protein interaction between phosphorylated Hpr and CcpA (Deutscher et al., 1994) . It would be interesting to test whether the same mechanism is operational in the case of the Pkdg promoter.
The study of the regulation of kdg-operon transcription is simplified by the fact that all potential transcriptional regulators can be easily postulated. We demonstrated in this work that the KdgR protein, encoded by the kdg operon, is indeed the principal regulator of the operon's transcription. Repression of the transcription by glucose depends exclusively on the activity of another LacIfamily regulator, CcpA. YjmH protein, which is also a LacI-family regulator, is probably involved in the regulation of the yjrn operon, which encodes the metabolic pathway from galacturonate to KDG. Therefore, YjmH can also influence the DNA-binding activity of KdgR, by regulating the levels of the relevant enzymes and thus by changing the level of intracellular effector in the cells grown on galacturonate. The yjrn operon was also postulated to be regulated by CcpA, since a perfect catabolite-responsive element consensus was found in the sequence of the promoter region (Rivolta et al., 1998) . It would be useful, for detailed understanding of this regulatory network, to separate the regulation of yjm and kdg operons by mutations in different yjm genes. This approach may elucidate the exact nature of the intracellular KdgR effector.
An important question about essentiality of the kdg operon for growth of B. subtilis on galacturonate as the only carbon source remains unanswered. It was surprising to find that strains BSPP2, BSPP3 and BSPP4 were able to grow on galacturonate almost as well as BSPP7 (not shown). Only BSPPS did not grow; apart from an inability to metabolize KDG, this may also be explained by accumulation of KDGP which is toxic to cells. We found that strains BSPP2, BSPP4 and BSPPS, when grown on LB medium containing 15 mM galacturonate, accumulate up to 2 mM of KDG, determined by thiobarbituric acid assay (Weissbach & Hurwitz, 1959) , extracellularly (P. Pujic, unpublished). Since this did not happen with wild-type B. subtilis 168 or BSPP7,
we can assume that activities of aldolase (KdgA) and kinase (KdgK), which are reduced (BSPP2) or one of which is absent (BSPP4 and BSPP5) in these strains, are needed to metabolize all the KDG produced. However, the ability of BSPP2, BSPP3 and BSPP4 to grow o n galacturonate as the only carbon source remains to be elucidated.
On: Mon, 31 Dec 2018 07:28:26 P. P U J I C a n d OTHERS -We have shown that the level of kdg mRNA production can vary more than 100-fold depending on the activity of the KdgR regulator. This system may therefore be a good candidate for use as a tool to regulate expression of foreign genes in B. subtilis.
